Each of 314 strains of Pseudomonas aeruginosa recovered from 87 French cystic fibrosis (CF) patients was typed by multilocus enzyme electrophoresis to investigate the genetic diversity, the relatedness and the molecular epidemiology of strains isolated from cases of chronic pulmonary colonization. Comparison of allele profiles at 18 enzyme loci identified 17 electrophoretic types (ETs). Of the 314 isolates, 290 (92 %) were either ET1 (n l 127) or ET2 (n l 163), which differed only at the shikimate dehydrogenase (SKD) locus. The mean genetic diversity (H) was 0138. These results suggest that there is crosscolonization between patients and/or that two predominant groups of strains are able to colonize French CF patients. Sequential isolates collected from 18 patients during a period of 12-28 months were analysed to assess genomic variability and its relationship to clinical outcome. Six patients were colonized by a stable strain. For the others, double infections or changes in colonization over time were observed. No relationships were detected between the clinical outcome and the persistence of stable isolates, the emergence of transient superinfecting variants, the presence of multiple ETs or the shift of ET during the monitoring.
INTRODUCTION
Pseudomonas aeruginosa has a wide environmental and ecological distribution. It is an opportunistic pathogen which particularly infects patients presenting the following predisposing factors : infected burns, immunosuppressive treatment or metabolic disorders. In cystic fibrosis (CF) patients, P. aeruginosa infects the respiratory tract chronically and causes the degradation of pulmonary function. This contributes to reduced life expectancy. The ability of P. aeruginosa to occupy a wide range of habitats is due at least in part to its genetic versatility. The lungs of CF patients constitute a particular biotope and it is plausible that this particular niche is generally occupied by a group of adapted P. aeruginosa strains.
A first step to elucidating the relationships between a bacterial population and its biotope is to study the genetic diversity of the population. The genetics of P. aeruginosa has not been extensively studied. However, there are data indicating high genetic diversity of populations of P. aeruginosa strains responsible for various infections of, for example, surgical wounds, the ear, the pulmonary tract and burns, or isolates recovered from the environment (Blanc et al., 1993 ; Griffith et al., 1989 ; Gru$ ner et al., 1993 ; Picard et al., 1994) .
The genetic diversity of populations of P. aeruginosa strains isolated from patients suffering from CF has been investigated in various ways. A large number of studies have used molecular methods including simple restriction endonuclease analysis (Maher et al., 1993) , Southern blotting analysis using DNA probes encoding exotoxin A (Wolz et al., 1989) or pilin (Speert et al., 1989) , rDNA RFLP (Denamur et al., 1991 ; Martin et al., IP: 54.70.40.11
On: Wed, 09 Jan 2019 05:28:50 C. MARTIN and OTHERS 1995) and DNA fingerprinting by pulsed-field electrophoresis (Grothues et al., 1988) . Various patterns of chronic pulmonary colonization of CF patients by P. aeruginosa have been observed, particularly multiple resident strains (Struelens et al., 1993) , a single strain or a periodically replaced dominant strain (Martin et al., 1995 ; Wolz et al., 1989) . Most of the tools used for these studies are powerful typing methods for investigating nosocomial and epidemic infections but are not necessarily suitable for phylogenetic and population genetic studies.
Metabolic enzymes are central to the adaptation of a bacterium to its environment (Young et al., 1989) . The analysis of the diversity of these enzymes by multilocus enzyme electrophoresis (MLEE) is a valuable and wellestablished way of studying the ecology of bacteria (Selander et al., 1986 (Selander et al., , 1987 . Here, we assess the polymorphism of 18 metabolic enzymes in a population of 314 P. aeruginosa strains isolated from French CF patients to determine the degree of variability of these strains, all living in the particular conditions of the pulmonary tract of CF patients. We also examined the association, if any, between ETs and patient characteristics and the properties of the bacteria.
METHODS
Patient population. In total, 314 isolates were recovered from 229 sputum samples from 87 CF patients (47 males and 40 females) attending the Centre He! liomarin (CHM) in Saint Trojan-les-Bains (patients 1-63 and 77), or the paediatric units of the Centre Hospitalier Universitaire (patients 64-76, 78-83, 85 and 86) and Bretonneau Hospital (patients 84 and 87), both in Tours, during a period of 3 years. The CF patients from whom the samples were collected constitute a heterogeneous population. Twenty-three patients were followed only at Tours and 12 only at St Trojan. The 52 others were hospitalized intermittently at CHM and regularly followed and treated by their district hospital : 21 patients at Necker hospital (Paris), 5 at Trousseau hospital (Paris), 4 at Nancy hospital, 3 at Angers hospital, 2 at Clermont-Ferrand hospital, 2 at Tours hospital, 2 at Nantes hospital, 2 at Rochefort hospital, and one each at Blois, Niort, Rambouillet, Melun, Roscoff, Soissons, Bordeaux, Boulogne-Billancourt, St Germain en Laye, Toulouse and Robert Debre! (Paris) hospitals. Thirty-three of these 52 patients were colonized by P. aeruginosa before the first examination at CHM.
Patients were examined periodically to monitor their clinical status, at which time one or more sputum samples were obtained. The samples were cultured and strains representative of all morphotypes were saved. For 18 of the patients, multiple isolates were obtained at various intervals for 12-18 months.
Clinical evaluation of patients. A modification (Doershuk et al., 1965) of the Schwachmann-Kulcyzcki-Khaw scoring system (Schwachmann et al., 1965) was used to evaluate patient status. A best possible score of 25 is assigned for each of four categories : chest X-ray, general activity, nutrition and physical condition. There is thus a maximum total score of 100. The patients were assigned to five clinical condition groups : A, excellent (score, 86-100) ; B, good (71-85) ; C, moderate (56-70) ; D, poor (41-55) ; and E, weak ( 40).
Culture and storage of isolates. Respiratory specimens were cultured on trypticase-soy with 5 % horse blood, chocolate (bioMe! rieux) and selective cetrimide (Diagnostics Pasteur) agars for 4 d at 37 mC. After examining the primary culture carefully, each different colony type was subcultured on a nutrient agar no. 1 plate (Unipath). Thus, 314 isolates were obtained from 229 sputa. Each strain was identified as P. aeruginosa on the basis of colony form, oxidase reaction, growth at 42 mC, characteristic pigmentation on King A agar, and the appropriate response pattern in the API 20NE system (API, bioMe! rieux). Each of the 314 isolates was stored at k80 mC in vitamin K3 broth (bioMe! rieux) containing 20 % (v\v) glycerol.
Determination of colony form. At primary isolation, P. aeruginosa strains were classified into four morphological types after growth on nutrient agar no. 1 (Unipath) (Ve! ron & Berche, 1976) . Smooth colonies were classified as small (sm), rough colonies as large (la), viscous colonies as mucoid (M), and the very small mucoid colonies as dwarf (d).
Serotyping. Serotypes were determined by slide agglutination with commercial O-antisera (Diagnostics Pasteur), according to the international typing scheme of Habs (1957) and the subtypes described by Ve! ron (1961).
MLEE. Strains were grown overnight at 37 mC in 150 ml trypticase-soy broth, harvested by centrifugation, suspended in 1n5 ml 50 mM Tris\EDTA buffer (pH 7n5), and sonicated (Branson Sonifer Cell Disruptor, model 250, with microtip) for 30 s at 50 % pulse, with ice-water cooling. Clear lysates were obtained by centrifugation at 16 000 g for 20 min at 4 mC and stored at k70 mC.
Horizontal starch-gel electrophoresis and specific enzyme staining methods were used (Selander et al., 1986) . Variation in electrophoretic mobility of the following 18 enzymes was assayed : alcohol dehydrogenase (ADH), glutamate dehydrogenase (GDH), NADP-dependent glucose dehydrogenase (GLU), glucose-6-phosphate dehydrogenase (G6P), β-hydroxybutyrate dehydrogenase (HBD), isocitrate dehydrogenase (IDH), NAD-dependent malate dehydrogenase (MDH), mannitol-1-phosphate dehydrogenase (M1P), shikimate dehydrogenase (SKD), threonine dehydrogenase (THR), xanthine dehydrogenase (XDH), acid phosphatase (ACP), glutamic oxaloacetic transaminase (GOT), indophenol oxidase (superoxide dismutase) (IPO), mannose phosphate dehydrogenase (MPI), nucleoside phosphorylase (NSP), phosphoglucose isomerase (PGI) and phosphoglucomutase (PGM). For each enzyme, mobility variants (electromorphs), numbered in decreasing order of rate of anodal migration, were equated with alleles at the corresponding structural gene locus ; the absence of enzyme activity was attributed to a null allele. Each isolate was characterized by its combination of alleles at the 18 enzyme loci. Distinctive combinations of alleles, corresponding to multilocus genotypes, were designated as electrophoretic types (ETs) (Selander et al., 1986) .
Statistical analysis. Genetic diversity (h) among ETs at an enzyme locus was calculated from allele frequencies using the formula h l n(1kΣ x i #)\(nk1), where x i is the frequency of the ith allele and n is the number of ETs (Nei, 1977 ; Selander et al., 1986 ). Mean genetic diversity (H) was calculated as the arithmetic mean of the h values for all 18 loci. 
RESULTS
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assess geographical variation and association between ET and age, sex or clinical condition of patients ; (iii) in a collection of 228 strains isolated from the 18 of the 87 patients for whom more than one sample was collected over a period of 12-28 months of evolution, to examine the temporal variation of strains.
Genetic diversity of the total population
In the total sample of 314 isolates, 9 of the 18 enzyme loci investigated were polymorphic, with 2-4 alleles. The other 9 loci were monomorphic ( Table 1) . The mean number of alleles per locus was 2n0.
Comparison of allele profiles identified a total of 17 ETs (Table 2) , among which the mean genetic diversity per locus (H) was 0n138p0n038 (Table 1) . Of the 314 CF isolates, 290 (92 %) were either ET1 (n l 127 or 40 %) or ET2 (n l 163 or 52 %), which differed only at the SKD locus. Of the remaining 15 ETs, only four (ETs 3, 4, 5 and 13) were represented by more than one isolate (range, 2-5) ( Table 2 ).
Like ET1, 11 of the other 16 ETs (ETs 3-5, 7, 9-13, 16 and 17) had the SKD" allele. Each only differed from ET1 at a single locus, in two cases by possession of a null allele. ETs 14 and 15 had the SKD# allele like ET2 and only differed from that ET2 at single loci. ET6 differed from ET1 and ET2 only in having an SKD% allele. ET4 and ET8 were the most distinctive, differing from the two common ETs at four and three loci, respectively (Table 2) . ATCC 10145, the P. aeruginosa type strain, is of ET1. 
Association of ET1 and ET2 with colony morphology and with serotype class
Of the 314 clinical isolates, 163 were small (sm), 60 large (la), 81 mucoid (M) and 10 dwarf (d). The distribution of the colony types into ET1 and ET2 was significantly different (Table 3) : 78 % of the mucoid strains were in ET2 whereas the other colony types were identically distributed in ET1 and ET2.
One hundred and fifty-seven sputa exhibited only one colony type and 72 (31 %) more than one : one sputum gave colonies with four different morphologies, 11 showed three and the others two. Therefore, a total of 157 isolates corresponding to these various morphologies were studied. Isolates belonging to 57 of these 72 sputa were of the same ET whatever the colonial form (20 in ET1 and 37 in ET2). Only 15 sputa, from 9 patients, gave strains with different colony morphologies belonging to two or three different ETs. However, these strains were closely related. They belonged to the three most frequent ETs and\or differed at one locus only, except for one patient for whom the strains isolated from one sputum sample were ET4 and ET13, which differ by one allele at each of five loci. Of the 314 isolates, 139 were serologically non-typable, 128 agglutinated with polyvalent antisera (PAG), and 47 could be typed as O1, O3, O6 or O13. The distributions of strains of ET1 and ET2 among these three serotype classes were significantly different (Table 3) . Disproportionately more isolates of ET1 were PAG and more isolates of ET2 were non-typable.
Geographical variation in ET representation and absence of association between ET and sex, age or clinical condition of patients
To assess the difference in ET representation between patients attending the principal care centres participating, the first isolate collected from each patient was selected to represent each of the 87 patients and was analysed. There was a significant difference between centres, mainly due to a preponderance of ET2 at Necker and of ET1 at Tours ( Enzyme polymorphism in CF P. aeruginosa with respect to sex, age and clinical condition of the 87 patients are shown in Table 5 . No significant associations were detected.
Temporal variation in ET representation among isolates from individual patients
Temporal variation in ET representation was analysed for 18 patients (including three pairs of siblings) from whom more than one isolate (range, 4-28) was recovered from sputa collected at intervals over 12-28 months (Table 6 ). 1 3  7  2  2  2  2  H  1 3  7  2  2  2  2  U  1 4  1 1  2  2  2  2  2  2  V  2 8  9  2  2  2  2  2  2 2 2  P  16  24  2  2  14  2  2  2 2 2  2  2  2  2  2 2 2 2  2  K  26  28  2  2  2  2  2  2 2 Six of the 18 patients (L, N, R, H, U and V) yielded exclusively strains of either ET1 or ET2 and showed no temporal variation in ET representation throughout the period investigated.
For the 12 other patients, temporal change was observed. Patients T, Q, K, F, O, J, S and M (Table 6) had two types of strains in some sputa. Patients G, P, K, X, W, F, O, J and S (Table 6) had strains belonging to different ETs at different times. For all these patients, it is possible that each type of strain could have been present throughout the study period but that not all were isolated from each sample. This may be the case, especially if one type was predominant or if colonies on the primary plate had the same morphology. Nevertheless, in most of the patients, strains of ET1 and\or of ET2 were preponderant.
Three pairs of sibling (N and G ; Q and R ; and J and S) were investigated. ET representation was very similar within each pair (Table 6 ). The only divergence was the appearance of ET3 in patient S, but not in sibling J, at the end of the study period.
DISCUSSION
The objective of this work was to investigate the genetic diversity within the P. aeruginosa population isolated from patients suffering from CF. We used MLEE, which has long been a standard method in eukaryotic population genetics and systematics. It has been used in largescale studies to estimate the genetic diversity and structure of natural populations of a variety of bacteria and has been extensively validated for these purposes Selander et al., 1986) . For several organisms, estimates of genetic distance between pairs of strains based on electrophoresis of metabolic enzymes have been shown to be strongly correlated with estimates of nucleotide sequence divergence as assessed by hybridization of DNA Quentin et al., 1993) or 16S RNA (Quentin et al., 1996) . MLEE has also been used to study the intraspecies genetic structure of many species (Musser et al., 1988 (Musser et al., , 1989 (Musser et al., , 1991 Quentin et al., 1995 ; and is able to define virulent clone families within species. It is therefore a solid basis for determining genomic characteristics specific to invasive isolates (Chatellier et al., 1996) .
Our results indicate that there is little genetic diversity at 18 loci for metabolic enzymes in a population of French P. aeruginosa CF strains. Three hundred and fourteen French CF isolates were studied and only 50 % of the loci were polymorphic. Although 17 ETs were distinguished, H was only 0n138 and 92 % of the strains clustered in two ETs. These findings contrast with those of an MLEE analysis of isolates recovered in an oncology ward in the Michael Reese Hospital, in Chicago, Illinois (Griffith et al., 1989) . For the 172 isolates examined, 83 % of the loci were polymorphic, 64 ETs were distinguished, and H for the ETs was 0n229. Other studies have also reported genetic heterogeneity of clinical isolates of P. aeruginosa strains (Levin et al., 1984 ; Picard et al., 1994) .
There are many possible explanations of why French CF isolates of P. aeruginosa belong to two major groups of strains. One is that the CF patients were repeatedly hospitalized in the same centres and may have been cross-colonized. The correlation between ET distribution (ET1 and ET2) and geographical origin of the strains argues for this hypothesis. However, the two most prevalent ETs differed at only the SKD locus. And in addition, it is difficult to imagine that all 87 patients, who were treated at 20 different hospitals scattered across 29 of the 95 departments of France, did not encounter genetically diverse P. aeruginosa strains in their environment. Another possible explanation of the existence of the two major clusters of strains is that particular groups of P. aeruginosa have been selected for their ability to adapt to the bronchopulmonary environment and to survive on the surface of the respiratory tract epithelium. The existence of strains specifically adapted to CF airways does not exclude the possibility that they are transmitted by cross-colonization and are responsible for other illnesses.
The relative homogeneity and stability of strains repeatedly recovered from sputa collected from 18 patients over periods of from 12 to 28 months (Table 6) , and the absence of associations between ET distribution and the clinical status of patients, indicate that deterioration of the clinical status was not due to superinfection or to the emergence of particular virulent clones. Probably, the expression of virulence factors or the host reaction are more important to lung degradation than superinfections or changes in strain population. Some studies exploring other parts of the genome of P. aeruginosa isolates from CF airways argue for heterogeneity and variability of isolates in the pulmonary flora of chronically infected CF patients. For example, DNA fingerprinting using arbitrarily primed polymerase chain reactions (AP-PCR) (Renders et al., 1997) or random amplified polymorphic DNA fingerprinting-PCR (RAPD-PCR) (Hoogkamp-Korstanje et al., 1995) give a large variety of patterns. Macrorestriction analysis with pulsed-field gel electrophoresis (PFGE) also detected the presence of multiple genetic differences between the genomes of different P. aeruginosa isolates (Ro$ mling et al., 1994 ; Struelens et al., 1993) . RFLP of the rRNA gene region is consistent with heterogeneity of the rRNA operon (Bennekov et al., 1996) . In a previous study (Martin et al., 1995) , we characterized the genetic heterogeneity of rRNA operons of 87 of the P. aeruginosa strains included in this work using four restriction enzymes (BamHI, ClaI, EcoRI and PstI) . Each isolate Enzyme polymorphism in CF P. aeruginosa was from a different CF patient. Ribotyping and MLEE analysis give different views of the structure of the population of strains studied (Table 7) . There were many more ribotypes (31 ribotypes) than ETs (15 ETs, with 92 % of the strains in two ETs) in this group of strains, and strains in one ET were of different ribotypes.
The inconsistencies between the results of different studies may indicate a high gene flow rate within P. aeruginosa isolates as previously suggested (Denamur et al., 1993) .
Apparent disagreement between results of various studies may be also due in part to the difficulties in measuring the degree of relatedness of strains exhibiting different patterns and in evaluating the diversity of a population by DNA typing methods. The recombination rate or other genetic events in a species may vary between genes according to the function of these genes Nelson & Selander, 1992) . It is possible that the particular conditions in the CF pulmonary tract select particular traits in genes encoding metabolic enzymes involved in biochemical pathways determining the degree of adaptation of the bacteria to the environment. Non-coding DNA sequences, or genes encoding virulence factors or cell surface proteins interacting with the host reaction during the long evolution of the CF infection, may be more susceptible to mutation, recombination or horizontal genetic transfer. The genetic polymorphism resulting from these multiple genetic events would be detected by tools exploring the total genome such as RAPD or FIGE.
In conclusion, our results suggest that limited groups of P. aeruginosa strains are able to colonize CF patients.
To assess the position of CF P. aeruginosa strains within the far-flung world of P. aeruginosa species, isolates from other sources and from other geographical origins should be examined. In addition, a better understanding of the way in which different parts of the genome of CF P. aeruginosa isolates vary may help elucidate the particular relationship that exists between CF patients and this bacterium.
